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INTRODUCTION
Malignant glioma is a common primary brain tumor. Currently, malignant glioma is treated by surgical removal combined with radiochemotherapies. However, patient survival rates remain unsatisfactory. 1 Dendritic cell (DC)-based tumor vaccines are gaining interest for treating malignant glioma because of encouraging results obtained from basic studies as well as phase I and II clinical trials. However, DC-based vaccines do not completely eradicate tumor cells and prevent recurrence. 2, 3 Current disadvantages of tumor vaccines may be attributed to limited target specificities. Recent studies revealed that numerous tumors, including glioma, isolated by fluorescence-activated cell sorting (FACS) (EP-ICS ALTRA II, Beckman, Fullerton, CA, USA) and passaged under the same conditions for up to 4 weeks. A portion of the spheroids were analyzed for monoclonality, cell surface marker expression and differentiation potential. Cell concentration was adjusted to 1000 cells/mL and colony formation was assessed. 8 Spheroids were cultured on sterile glass cover slips pretreated with 10% polylysine for 2 h in DMEM/F12 medium at 37°C. The glioma stem cell marker, nestin and CD133 expression were then observed by immunofluorescence. Spheroids were also incubated in DMEM/F12 supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) for 5-10 d followed by microtube-associated protein 2 (MAP2, Sigma, St. Louis, MO, USA) and glial fibrillary acidic protein (GFAP, Sigma, St. Louis, MO, USA) expression analysis by immunofluorescence to identify differentiated phenotypes. Cells were also lysed under sterile conditions by three cycles of immersion in liquid nitrogen for 1 min followed by incubation in a water bath at 37°C for 3 min. Lysates were assayed for protein concentration using the bicinchoninic acid method (BCA Protein Assay Kit, Pierce, Rockford, IL, USA) and stored at -80°C until use.
Heat treatment of U251 cells U251 cells were heat-treated using a method described below. Cells were collected at the logarithmic growth phase and cultured at various temperature-time combinations (43, 44 or 45°C; 1, 2, 3 or 4 h). Then, cells were transferred to a fresh medium supplemented with 2% FBS and cultured at 37°C for 12 h. In order to test the effect of heat treatment, cells were analyzed by anti-annexin V-FITC/propidium iodide (PI) double-staining (AnnexinV-FITC Kit, Bender, Burlingame, CA, USA) to determine apoptosis rates. Briefly, samples were adjusted to a concentration of 2×10 5 -3×10 5 cells/mL and rinsed twice with cold PBS. Cells were then suspended in 190 μL binding buffer and thoroughly mixed with 5 μL anti-annexin V-FITC followed by incubation in the dark at room temperature for 10 min. 5 μL PI was added to the cell suspensions followed by incubation for a further 15 min and then flow cytometric analysis.
Dendritic cell isolation and culture
DCs were isolated from the bone marrow of 20 C57BL/6 mice. 9 Femurs and tibias were harvested under sterile conditions and bone marrow cells were collected and treated with a erythrocyte lysis buffer. The remaining cells were contain a small number of cells with stem cell characteristics. Known as cancer stem cells, these cells are closely related to tumor development and reoccurrence. [4] [5] [6] In animal models, studies have also found that cancer stem cells possess higher immunogenicities compared with those of tumor cells, and can induce stronger immune response. 7 However, whether human glioma stem cells can induce the same immune response is still unknown. In this study, we prepared a new tumor vaccine by loading DCs with human glioma stem cell lysates. We then studied the capacity of the vaccine to activate naive T-cells for targeted killing of glioma cells in vitro, followed by analysis of the associated mechanisms.
MATERIALS AND METHODS Animals and cell line
The human glioma cell line U251 was purchased from the Shanghai Institute for Biological Sciences, Chinese Academy of Sciences. Specific pathogen-free grade 6-8 week-old male C57BL/6 mice were purchased from the Center of Laboratory Animals, Wuhan University, which were maintained in a virus-free environment in accordance with the Laboratory Animal Resources Commission standards. All aspects of the studies requiring animal experimentation were approved by the Wuhan University Institutional Animal Care and Use Committee. Every effort was made to minimize both the animal suffering and the number of animals used.
Glioma stem cell culture and lysate preparation
Approximately 1×10 6 U251 cells in the logarithmic growth phase were suspended in DMEM/F12 (Hyclone, Logan, UT, USA) medium supplemented with 10 ng/mL LIF (Millipore, Bedford, MA, USA), 20 ng/mL epidermal growth factor (EGF, Peprotech, Rocky Hill, NJ, USA), 20 ng/mL FGF (Peprotech, Rocky Hill, NJ, USA) and 20 µL/mL B27 (Gibco, Grand Island, NY, USA) supplement. U251 cells were incubated at 37°C in an atmosphere of 5% CO2 and 95% relative humidity. Cells were observed daily for growth status and medium was exchanged every 48 h or according to medium acidity. After 5-7 d incubation, spheroids were collected and dissociated into single cells with 0.25% trypsin. Trypsinization was stopped by adding a serum-containing medium and cells were rinsed three times with phosphate-buffered saline (PBS). Cells were cultured in the described medium and passaged weekly. CD133+ cells were 5, 1 : 10, 1 : 20, 1 : 40 and 1 : 80) in 96 well plates. The culture medium was supplemented with 100 U/mL rmIL-2. After 5 d, T-cell proliferation was assayed using a cell counting kit-8 (CCK-8, Dojindo, Kumamoto, Japan) to determine the optimal DC: T-cell ratio for subsequent experiments. Each assay group contained ≥4 replicates.
Targeted killing of glioma cells by DC-activated T cells U251 cells in the logarithmic growth phase were seeded in 96 well plates and co-cultured with T-cells and various DC combinations (BGS-DCs, HT-DCs, LPS-DCs and PBSDCs) at three effector: target ratios (20 : 1, 40 : 1 and 80 : 1). After incubation for 72 h, 100 μL aliquots of conditioned medium were collected. Interferon-γ (IFN-γ) levels were analyzed by an ELISA Kit (R&D, Minneapolis, MN, USA) according to the manufacturer's instructions. The remaining medium was discarded, then 100 μL PBS and 10 μL CCK-8 reagent was added to each well. Optical density (OD) was measured and converted to kill rate using the formula: kill rate (%)=(1-ODexperimental group/ODPBS group). Each assay group contained ≥4 replicates.
Statistical analyses
Data were expressed as the mean±standard deviation and analyzed by SPSS 13.0 (SPSS, Chicago, IL, USA). Statistical analysis was performed using a nonparametric KruskalWallis test for T-cell proliferation, killing rate, IFN-γ level. For DC surface marker comparisons, a Student t-test was used. Statistical significance was accepted at p<0.05.
RESULTS

Glioma stem cell identification
Twelve hours after culture in serum-free medium, a small number of cells adhered and the majority formed suspended aggregates. After 48 h, a large number of cell agglomerates with various sizes and shapes were observed (Fig. 1A ). Cells were passaged after 7 d and new spheroids formed, which became increasingly regular in shape with passaging. CD133+ cells were isolated by FACS and cultured in serum-free medium at 1×10 3 cells/mL. Isolated single cells were also observed to form spheroids (Fig. 1B) . Immunofluorescence staining revealed that spheroids contained abundant nestin and CD133 double-positive cells (Fig. 1C-F) . After a 4 h culture in a FBS-containing medium, spheroids adhered and initiated differentiation. After 24 h, a small suspension cultured in medium supplemented with 10 ng/ mL recombinant murine granulocyte macrophage-colony stimulating factor (Peprotech, Rocky Hill, NJ, USA) and 5 ng/mL recombinant murine interleukin-4 (rmIL-4, Peprotech, Rocky Hill, NJ, USA) with daily changes of half medium volumes. On day 6, 1 μg/mL lipopolysaccharide (LPS, Sigma, St. Louis, MO, USA) was used to stimulate DC maturation. DCs were harvested on days 6 and 7 followed by scanning and transmission electron microscopy (SEM and TEM, respectively, Hitachi/TM-1000, Tokyo, Japan) examinations of cell morphology. Cell surface markers CD11c, CD80, CD86 and MHC-II (antibodies were purchased from eBioscience, San Diego, CA, USA) were also analyzed by flow cytometry.
T cell isolation and preparation
Spleens were harvested from C57BL/6 mice under sterile conditions and mechanically homogenized into suspensions followed by treatment with an erythrocyte lysis buffer. Cell suspensions were adjusted to 1×10 8 cells/mL and transferred to a nylon fiber column (Wako, Osaka, Japan), then incubated in the dark at 37°C for 1 h. Freshly prepared warm medium was added to the column and the effluent was collected after becoming slightly turbid. The effluent was centrifuged and the cell pellet resuspended in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 100 U/mL recombinant murine interleukin-2 (rmIL-2, eBioscience, San Diego, CA, USA) and cultured in six well plates.
Dendritic cell antigen loading
DCs were combined with glioma stem cell lysates and cultured for 24 h in six well plates, as described by Ashley, et al. 10 Antigen-loaded DCs were termed BGS-DCs (brain glioma stem cell pulsed DCs). Cell surface markers CD80, CD86, CD11C and MHC-II were analyzed by flow cytometry. DCs were also mixed with heat-treated U251 cells (U251 : DC ratio: 3 : 1, determined by preliminary testing) and cultured in 96 well plates for 24 h. These DCs were referred to as heat-treated U251 cell pulsed DCs (HT-DC). HT-DC phenotypes were analyzed by flow cytometry. As controls, LPS and PBS replaced tumor antigen treatments and were designated as LPS-DCs and PBS-DCs, respectively.
T-cell proliferation assay
Naive T-cells (2×10 4 cells/well) were co-cultured with BGSDCs, HT-DCs, LPS-DCs or PBS-DCs at various ratios (1 : colonies enlarged with additional culture (Fig. 2B) . Following LPS stimulation, cells developed abundant dendritic processes, a mature DC characteristic ( Fig. 2C and D) . Flow cytometric analysis revealed that mature cells expressed significantly higher levels of DC surface markers including CD11c, MHC-II, CD80 and CD86 compared with those of immature cells (Table 1) .
U251 cell apoptosis rate after heat treatment
An apoptosis rate of 40.10±1.08% was observed in cells treated at 44°C for 3 h, which was significantly higher compared with those of other temperature-time combinations (*p<0.01, † p<0.05) (Fig. 3) (Table 2 ). So 44°C for 3 h was the best heat treated condition for subsequent experiments.
number of synapses extended outward from spheroids (Fig.  1G) . With further culture, an increasing number of synapses extended radially and cells with irregular polygon shapes and abundant synapses began to migrate out from spheroids (Fig. 1H ). Cells were confluent after 7-10 d culture. Immunofluorescence staining revealed that a small number of cells were strongly GFAP+ (Fig. 1I, J and K) , while other cells were MAP2+ with an outward radiation of synapses from spheroids (Fig. 1L) . A portion of heterogeneous cells were double-positive for both GFAP and MAP2.
Dendritic cell isolation
Cells extracted from mouse bone marrow were small and able to form colonies after a 3 d culture ( Fig. 2A) . Cells and (Fig. 4) . So the DC : T-cell ratio of 1 : 5 was optimal for subsequent experiments. T-cell stimulation by LPS-DCs and PBS-DCs demonstrated similar results (p>0.05).
Targeted killing of U251 cells by DC-activated T-cells
Various antigen-loaded DCs were co-cultured with T-cells and U251 cells for 72 h. At an effector : target ratio of 20 : 1, there was no difference between BGS-DCs and HT-DCs (p>0.05). At an effector : target ratio of 40 : 1 and 80 : 1, wells that contained BGS-DCs showed a significantly lower mean OD, indicating a higher kill rate compared with Antigen-loaded DC phenotypes DCs were incubated with glioma stem cell lysates or heattreated U251 cells for 24 h, as described elsewhere. 10 HTDCs expressed significantly lower levels of DC surface markers compared with those of BGS-DCs (*p<0.05, † p<0.01) ( Table 3) .
Stimulation of T-cell proliferation by antigen-loaded DCs
Various vaccine combinations were co-cultured with T-cells for 5 d. At the same DC : T-cell ratio, BGS-DC-stimulated T-cell proliferation was the highest compared with those of other DCs (HT-DCs, LPS-DCs and PBS-DCs) (*p<0.01) (Fig. 4) . In BGS-DCs group, at the DC : T-cell ratio of 1 : 5, and are closely related to tumor occurrence, progression, metastasis, recurrence, drug resistance and immune evasion. [14] [15] [16] Therefore, tumor stem cell eradiation is essential for complete cancer clearance. Cancer stem cells have been identified in glioma, which provide new targets for active vaccination. 17, 18 Therefore, DCs loaded with glioma stem cell antigens may be used to stimulate T-cells for a tumorspecific cytotoxicity against glioma cells. Studies have found that heat treatment of tumor cells up-regulates heat-shock protein expression and results in enhanced immunogenicity. Thus, we used DCs pulsed with heat-treated U251 cells as a control group.
Over the past decade, there is accumulating evidence for the presence of cancer stem cell-like progenitors in malignant glioma. [19] [20] [21] [22] To date, identification and purification of brain glioma stem cells (BGS) depends mainly on neural stem cell-like biological properties and cell surface markers. Similar to normal neural stem cells (NSCs), BGS can form neurospheres, possess the capacity of self-renewal and multilineage differentiation, express CD133 and nestin, and not express neural differentiation markers. 19, 20, 23, 24 In our study, neurospheres from U251 cells showed CD133+ and nestin+ are capable of being passaged repeatedly in the serum-free medium, and differentiated into neuron-like cells (MAP2+ CD133-) and astrocyte-like cells (GFAP+ CD133-) in the medium with FBS. It is reported that, unlike NSCs, BGS can reform spheres even after the induction of differentiation, and are capable of forming tumors in vivo. Furthermore, differentiated cells are heterogeneous and are similar to the origin tumor cells. In addition, common tumor cells have no capacity of unlimited proliferation and differentiation. [19] [20] [21] [22] [23] [24] These were also consistent with our findings. As a cancer cell line, U251 cells do not contain NSCs. So, our findings indicated that U251 cell line contained cancer stem cells. We succeeded in isolating brain glioma stem cells following methods by Singh, et al. 17, 20 In our study, we prepared lysates of glioma stem cells by freeze-thaw cycles for use in antigen-loaded DC-based vaccines. Freeze-thaw cycling can effectively recover whole cell antigens and allow DC vaccines to present optimal target cell antigens that may lead to tumor-specific targeting of glioma cells including glioma stem cells. We also isolated highly pure DCs at a high efficiency and relatively low cost using a method adapted from Inaba, et al. 9 After culture with glioma stem cell lysates, BGS-DCs expressed significantly higher levels of MHC-II, CD11C, CD80 and CD86, compared with those of control groups. Increased expresthose of HT-DCs ( † p<0.01, ‡ p<0.01) (Fig. 5) . In addition, kill rate increased with increasing effector : target ratios (Fig. 5) . ELISA results revealed that IFN-γ levels increased as the effector : target ratio increased in BGS-DCs groups ( † p<0.01, || p<0.01) (Fig. 6) . At the same effector : target ratio, wells with BGS-DCs contained higher IFN-γ levels (*p<0.01, § p<0.05, ‡ p<0.01) (Fig. 6 ).
DISCUSSION
DCs are potent "professional" antigen-presenting cells, which are responsible for capturing and presenting antigens for initiation of T-cell immune responses. DCs also play pivotal roles in the regulation and monitoring of the immune system. 11 In vitro, DC stimulation with tumor antigens may induce tumor-specific T-cells that generate an effective anti-tumor immune response. Thus far, various antigens have been used to prepare DC-based vaccines against glioma such as tumor polypeptides and lysates, RNA, cDNA, as well as fusion and apoptotic cells. 12 Although various degrees of success have been achieved, DC-based vaccines could not completely eradicate glioma. This observation may be due to DC apoptosis and tumors lacking targeted antigens. 13 Recent studies demonstrate that numerous tumors contain a small number of "side population" cells with stem cell characteristics. These cells are known as cancer stem cells LPS-DCs group, and was respectively (38.5±0.043%), (48.8±0.028%), and (70.9±0.010%) in the BGS-DCs group. The effect different species might exist, but if it did, it had a small effect on the results. Therefore we were able to demonstrate that DC vaccines loaded with lysate of glioma stem cells had a stronger antitumor effect than those loaded with heat-treated glioma cells.
In conclusion, compared with DCs loaded with antigens of glioma cell, DCs loaded with antigens derived from glioma stem cells more effectively stimulate naive T-cells to form tumor-specific cytotoxic T-cells that kill glioma cells cultured in vitro. These observations provide preclinical evidence for active vaccination against malignant glioma using DC-based vaccines and are an experimental basis for further studies.
sion of these cell surface markers reveals that glioma stem cells contain unknown antigens with strong immunogenicities, which are recognized by DCs. This observation indicates that BGS-DCs may effectively stimulate naive T-cell activation. Antigen-loaded DC and naive T-cell co-culturing demonstrated that BSG-DCs significantly stimulate Tcell proliferation compared with those of HT-DCs, PBSDCs and LPS-DCs co-cultures. Moreover, T-cell proliferation improves as the number of DCs increases. T-cells and U251 glioma cells were then co-cultured with various antigen-loaded DCs to compare the capacities of the DC-based vaccines to kill glioma cells. BGS-DCs co-cultures demonstrated significantly less cell survival compared with those of HT-DCs, LPS-DCS and PBS-DC co-cultures. This result indicates that BGS-DCs effectively induce cytotoxic T-cells that can kill tumor cells. Collectively, these results confirm that glioma stem cells contain tumor-specific antigens that are targetable and can be used for the development of active vaccines against glioma.
Previous studies have found that glioma stem cells express higher levels of MHC-II, CD80 and CD86 compared with glioma cells. 7 Consequently, glioma stem cells may be more easily recognized by immune cells. EGF may play an important role in regulating glioma stem cell immunogen. EGF increases HLA I, HLA II and NF-κB expression in breast cancer cells, which up-regulates CD80 and CD86. [25] [26] [27] [28] EGF is an essential component in culturing glioma stem cells. Thus, the lysates of glioma stem cells strongly stimulate DCs to express co-stimulatory molecules. Following stimulation by antigens, DCs present antigens via two mechanisms for immunoeffector cell activation. First, CD4+ T-cell activation subsequently activates CD8+ T-cells and second, direct activation of resting CD8+ T-cells. Both mechanisms induce tumor-specific cytotoxicity T-cells that can kill tumor cells. Moreover, activated T-cells secrete IFN-γ that enhances the anti-tumor effect of tumor necrosis factor and stimulates DCs to express MHC-II. In our study, BGS-DCs expressed highly MHC-II and T-cells stimulated by BGS-DCs produced higher amounts of IFN-γ compared with those of HT-DCs, LPS-DCs, and PBS-DCs. Therefore, MHC-II and IFN-γ may mutually enhance anti-tumor effects of vaccines.
We used human glioma cells and murine DCs and T cells in the study; therefore, differences between species might affect the experimental result. At the T-cell : U251 cell ratio of 20 : 1, 40 : 1 and 80 : 1, the kill rate was respectively (1.5±0.055%), (7.6±0.034%), and (18.7±0.034%) in the
